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Abstract
The purpose of this study was to investigate the accumulation behavior of two typical PAHs,
phenanthrene (PHE) and fluoranthene (FLA), uptaken by the mangrove Kandelia candel in various
treated sandy soils. The experiment lasted for three months. Soil and plant samples were collected
after 3, 6, 9 and 13 weeks of the incubation and the levels of PAHs were analyzed using a GC/MS
(HP6890-5975B). The results showed that the root accumulations of PHE and FLA were elevated
with the increase of the PAH concentrations in the soil. With prolonged exposure time, PHE and
FLA concentrations of the roots increased significantly in comparison with the control. PHE and
FLA concentrations of root after 13 weeks of treatment ranged from 0.28 to 4.36 µg·g−1 and 0.79 to
35.76 µg·g−1, respectively. The calculated mean values of the root concentration factors were 0.58
for PHE and 0.71 for FLA. This indicated that root accumulation of FLA was greater than PHE,
which would result from the higher octanol-water partition coefficient (Kow) of FLA. These results
underline the ability of mangroves to remove PAHs from contaminated marine substrates and hence
their potential use in bioremediation and the removal of PAHs from the marine food chain.
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1 Introduction
Polycyclic aromatic hydrocarbons (PAHs) may
enter aquatic systems from industrial and water treat-
ment plants, seepage, which accidental spills and are
one of the main organic contaminants in the marine
environment. Therefore, PAHs have become an in-
creasingly common threat to the health of coastal en-
vironment (Meng et al., 2007). Very high concentra-
tions of PAHs are reported in coastal sediments near
urban and industrial cities (Hong et al., 1995; Yuan et
al., 2001; Dong et al., 2007; Gu et al., 2009).
The mangrove ecosystem, an important intertidal
estuarine wetland along the coastlines of tropical and
subtropical regions, is exposed to anthropogenic con-
tamination by PAHs (Chen et al., 2004; Chen et al.,
2005). The unique features of mangrove ecosystems,
such as high primary productivity, abundant detritus,
rich organic carbon and anoxic conditions, make them
a target for uptake and preservation of PAHs from an-
thropogenic inputs (Bernard et al., 1996). Mangrove
pollution has attracted more and more public and sci-
entific attention (Hong et al., 2008; Tang et al., 2008).
Plant uptake from soils is an important pathway
for hydrophobic organic contaminants entering into
the food chain. The uptake from soil of an organic
contaminant by plants is considered to depend on the
properties of the contaminant, the plant species, and
the soil (Zhu et al., 2007). A number of studies note
the uptake of PAHs from soil via the roots by some
plant species such as rice (Oryza sativa), maize, and
ryegrass (Binet et al., 2000; Tao et al., 2006; Lin et
al., 2007). An improved understanding of the uptake
and accumulation of PAHs by plants will have consid-
erable benefits for risk assessment associated with soil
contamination and control of food contamination.
Many studies report that plants play an impor-
tant role in the PAH cycling in environment. However,
the various processes of accumulation and transporta-
tion of PAHs within mangrove wetland systems are not
yet well understood. The purpose of this study was to
investigate the plant uptake, accumulation and trans-
portation behaviour of PAHs from spiked sandy soils;
taking phenanthrene (PHE) and fluoranthene (FLA)
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as representatives. Based on the studies, mangrove
plants were assessed in terms of their ability to remove
sediment PAHs from mangrove wetland systems.
2 Materials and methods
2.1 Plants and reagents
Mangrove plants (Kandelia candel) seedlings were










(purity 97%) and FLA (purity 98.5%) were purchased
from Sigma-Aldrich Co. (USA). Deuterated surrogate
pyrene-d10 and internal standard acenaphthene-d10
were obtained from Supelco Co. (USA). All organic
solvents, including dichloromethane, acetone and hex-
ane, were of HPLC grade from Tedia Co. (USA). Pure
water was taken from a Milli-Q water system (Milli-
pore Co., USA). Anhydrous sodium sulfate and silica
gel were of analytical grade from Sinopharm Chemical
Reagent Co. (Shanghai, China).
2.2 Sandy soil treatment
Samples of a sandy soil were collected with 0.17%
(w/w) organic carbon and 0.29% (w/w) organic mat-
ter and originally free of PAHs. The soil samples
were air-dried, sieved through a 60-mesh sieve, and
then spiked with a mixture of PHE and FLA in ace-
tone. Five treatments (S1-S5) were prepared with ini-
tial concentrations of PHE and FLA as shown in Table
1. In addition a control (S0) was prepared containing
no PAH mixture. When the acetone was evaporated
off, the spiked soils were homogenously mixed with
unpolluted soil (about 1:9, w/w). Next, the soils were
placed into pots (diameter: 28 cm; height: 14 cm; 15
kg dry weight soil per pot), and equilibrated indoors
for 14 d, covered with Milli-Q water. The final con-
centrations of PHE and FLA in the treated soils were
analyzed after 13 weeks exposure and the data are
shown in Table 2.
Table 1. Initial concentration of PHE and FLA in treated sandy soil (µg·g−1, on a dry weight basis)
PAH S0∗ S1 S2 S3 S4 S5
PHE ND∗∗ 0.93 (0.06) 4.16 (0.73) 9.62 (1.19) 49.33 (3.54) 94.72 (8.24)
FLA ND∗∗ 1.78 (0.06) 19.43 (1.68) 35.48 (2.22) 76.77 (5.46) 95.28 (9.27)
*Control uncontaminated sandy soil; ** ND-not detected. Data in brackets are the standard deviations (n=3).
2.3 Experimental design
Healthy seedlings of K. candel were planted into
pots with PAH spiked soil and control pots with un-
spiked soil. Another set of pots containing only PAH
spiked soil acted as the unplanted control. Each treat-
ment was repeated in triplicate and randomized in the
greenhouse. Each pot was flooded with 2.5 L Hoagland
solution (prepared by dissolving sodium chloride in
pure water and maintaining salinity at 15 parts per
thousand) every 7 d. Evaporation loss was compen-
sated by the addition of pure water twice a week. The
experiment lasted for three months. Soil and plant
samples were collected after 3, 6, 9 and 13 weeks of
the incubation.
2.4 Sampling and analysis
Mangrove plant roots were collected and carefully
washed with Milli-Q water to remove surface silt. The
soils from vegetated and non-vegetated pots were care-
fully collected and homogenized. All plant samples
were freeze-dried using a Benchtop Freeze Dry Sys-
tem (Labconco Co., Kansas City, Mo), ground into
fine powder and passed through a 60 mesh sieve, then
stored in brown glass bottles and kept dry until anal-
ysis. Dried and weighed soil or mangrove plant tis-
sues were placed into lined extraction vessels in a
Microwave Extraction System (MSP-1000 CEM Co.,
USA) for extraction. The samples were spiked with
surrogate pyrene-d10 prior to extraction, then covered
with 50 ml mixed solvent of hexane and acetone (1:1
v/v for soils and 3:2 v/v for plant tissues) and mi-
crowave extracted for 15 min. The vessels were al-
lowed to cool to room temperature before opening.
The extract was carefully filtered through an anhy-
drous sodium sulfate layer into a 150 ml flask, and then
evaporated to about 5 ml using a vacuum rotary evap-
orator (Eyela, Japan). The PAH fraction was purified
with a chromatographic column consisting of 8 g acti-
vated Al2O3 and 15 g activated silica gel, eluted with
a mixed solvent of dichloromethane and hexane (1:1,
v/v). The solvent was then evaporated and changed
to hexane with a final volume of 1 ml. Acenaphthene-
d10 was added into the extract as an internal standard
(Zhang et al., 2004).
The sample was analyzed using a HP6890 gas
chromatograph equipped with a mass spectroscopy de-
tector (HP5975B, Agilent Co., USA). The HP-5MS
column (Agilent Co., USA) was 30 m in length, with
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an internal diameter of 0.25 mm and a film thickness
of 0.25 µm. The temperature was raised from 60◦C to
150
◦


















and held at 300
◦
C for 5 min. Helium was used as the





C, respectively. The electron-
impact energy was 70 eV and the mass to charge ratio
scan (m/z) was 50–400 amu. The selected ion mode
was chosen for analytic identification and quantifica-
tion.
2.5 Data quality control
All data were subject to strict quality control pro-
cedures. Deuterated surrogate pyrene-d10 was used
throughout the analytical procedure to compensate
for loss and contamination during sample extraction.
Internal standard acenaphthene-d10 was used for the
caculation of average recoveries of the surrogate. The
average recoveries of surrogate pyrene-d10 in the soil
and plants were 86.28±7.70% and 83.00±8.54%, re-
spectively. PAHs in procedural blanks were not de-
tectable. Recoveries of PAHs in various soil and plant
samples ranged from 75.26% to 115.43%.
Mean and standard deviation for each group of
data were calculated. A two-way analysis of variance
(ANOVA) test was carried out for the comparison of
any significant effect of various concentrations of PAHs
and exposure time on the amount of PAHs taken up
by the root, shoot and leaf of the mangrove seedlings
(P<0.05). All statistical analyses were performed us-
ing SPSS software (SPSS 13.0 for Windows, SPSS Inc.,
USA).
3 Results
3.1 Root uptake and accumulation of PHE and
FLA
The root concentrations of PHE and FLA, on a
dry weight basis, different treatments, are showed in
Fig. 1. Concentrations of PHE and FLA in root from
plants grown in unspiked soil were not detectable, but
accumulations of PAHs increased with the increase of
the spiked PAH concentrations in the soil. Concen-
trations of FLA in plant roots over 13 weeks’ expo-
sure were generally 2.8–13.1 times higher than those
of PHE. It was noted that for the roots grown in the
low spiked soils with an initial PHE of 0.93 µg g−1 and
FLA of 1.78 µg·g−1 (S1), the accumulation was not ob-
vious, and the concentrations of PHE and FLA in the
root were 0.28 and 0.79 µg g−1, respectively. However,
in heavily spiked soils such as S5, roots of K. candel
were seriously contaminated, and PHE and FLA con-
centrations were as high as 4.36 and 35.76 µg g−1,
respectively. Root concentrations of PHE and FLA in
S1 and S2 showed no significant difference from the
control group, where they were not detected. While
with increasing concentrations of PHE and FLA, root
accumulations in S3, S4 and S5 presented significant
difference from those of the control (P <0.05).
Different concentrations of PHE and FLA in root
were observed over various exposure times. For FLA
treatments, root accumulation over 6 weeks had no
significant difference from 3 weeks. However, with pro-
longing of the exposure time, root accumulation in 9
and 13 weeks showed significant difference comparing
with those of 3 weeks. For PHE treatments after 6,
9 and 13 weeks, root accumulation presented signifi-
cant difference from those of 3 weeks (P <0.05). After
3 weeks of exposure to PHE, the PHE concentration
of root in S3 was 0.06 µg g−1. As the exposure time
increased, root PHE concentrations increased signifi-
cantly in comparison with exposure of 3 weeks. After
6, 9 and 13 weeks, the roots PHE concentrations in S3
were 1.01, 1.38 and 1.60 µg g−1, respectively.
The root concentration factor (RCF), defined as
the ratio of the PAH concentration in the root and in
the soil on a dry weight basis (Briggs et al., 1982,
Fig.1. Root uptake and accumulation of PHE (a) and FLA (b) at different exposure time (w: week).
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1983; Polder et al., 1995), was obtained. RCF gen-
erally tended to decrease with the increase of soil
PAH concentrations as shown in Table 2. It has been
found that the RCF of PHE (0.08–1.11) was much
lower than that of FLA (0.22–1.29) over 13 weeks of
treatment.
Table 2. Soil concentrations and concentration factors of PHE and FLA (µg g−1, on a dry weight basis) for K. candel
seedlings grown in spiked soils after 13 weeks
Soil No. Cs-PHE* (µg g−1) Cs-FLA* (µg g−1) Root
RCF for PHE RCF for FLA
S0 ND** ND** – –
S1 0.15 (0.04) 0.61 (0.12) 1.11 (0.10) 1.29 (0.06)
S2 0.62 (0.17) 7.12 (0.87) 0.78 (0.07) 0.88 (0.04)
S3 0.77 (0.16) 22.2(1.99) 0.60 (0.03) 0.60 (0.03)
S4 6.46 (0.85) 50.9 (5.84) 0.33 (0.02) 0.56 (0.03)
S5 51.6(5.12) 53.7 (6.34) 0.08 (0.00) 0.22 (0.01)
*Cs-PHE and Cs-FLA were the soil concentrations of PHE and FLA after 13 weeks, respectively;
**ND-not detected. Data in brackets are standard deviations (n=3).
3.2 Bioconcentration factor (BCF) of PHE
and FLA
The BCF was applied to evaluate the rate of
bioaccumulation, as the ratio of the concentration in
the plant tissue to that in the soil. BCFs of PHE and
FLA, on a dry weight basis, for K. candel seedlings
grown in PAH spiked soils are shown in Fig. 4. With
increasing concentrations of PAHs, BCF of K. candel
seedlings decreased gradually. However, BCF of PHE
and FLA increased as the culture time was prolonged.
In the case of PHE treatment, BCF ranged from 0.01
to 2.59, whereas in the case of FLA treatment it ranged
from 0.11 to 1.50. Higher values of BCF were more of-
ten noted in the PHE treatments than in the FLA
treatments.
Fig.2. Bioconcentration factor (BCF) of PHE (a) and FLA (b) for K. candel seedlings grown in PAH spiked
soils (w: week).
4 Discussion
4.1 Root uptake and accumulation of different
PAHs
In general, plant roots are the most important
site for uptake of chemicals from the soil. This uptake
process has been shown to involve passive and diffusive
transport, with chemicals carried into the plant during
the natural transpiration cycle (Bell, 1992). Lipophilic
organic chemicals possess a greater tendency to par-
tition into plant root lipids than hydrophilic chemi-
cals. Briggs et al. (1982), investigating the uptake
of omethyl-carbamoyl-oximes and substituted pheny-
lureas into barley plants, derived a positive relation-
ship between log values of RCF and Kow. In the
present study, the accumulating differences of the two
PAH compounds in the root were evaluated by com-
parison of the RCFs. The calculated RCF mean values
were 0.58 and 0.71 for PHE and FLA. The study con-
sistently showed that root accumulation of FLA was
greater than PHE as indicated by either root PAH con-
centrations or RCF. This would result from the higher
Kow of FLA than that of PHE. Similar results were
found in other literatures. Lin et al. (2007) reported
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fluorene and PHE, respectively.
Although PAH properties were important predic-
tors of uptake potential, the physiology and composi-
tion of the plant root itself also had a significant influ-
ence. Several studies suggest that the root uptake of
lipophilic organic compounds could be in correlation
with root composition such as lipid contents (Simonich
and Hites, 1995; Chiou et al., 2001). Moreover, PAH
transfer from the soil into the root was primarily medi-
ated by the organic matter content of the soil and the
proportion of the PAHs in the porewater. In principle,
as the organic matter content of a soil increases, the
proportion of a chemical in the porewater decreases.
Influence of the weight fraction of organic carbon in
soil on the predicted RCF was studied by Ryan et al.
(1988). The relationship between root uptake of PAHs
and root lipid content needs further studying.
The transport of water within the plant, which
is also the major mechanism for the movement of nu-
trients and photosynthate, is known as translocation
(Bell, 1992). It is also the principal route by which
contaminants move from the root system to stems,
leaves, and storage organs (McFarlane, 1995). Past
studies reveal that the off-take of PHE and pyrene by
roots is subsequently accumulated in roots or probably
translocated to the upper part of the plants (Gao and
Zhu, 2004), and accumulated PAHs might be metab-
olized in plants (Trapp et al., 1990). It is suggested
that organic chemicals with logKow values of about
4.5 are most likely to be translocated from roots to
shoots and accumulated in the stem and leaf tissues of
the plants (Briggs et al. 1982; Ryan et al. 1988). The
logKow values of PHE and FLA are about equal to or
a little larger than 4.5, therefore translocation would
be significant. As shown in Fig. 1, concentrations of
PHE and FLA in the roots of K. candel seedlings also
gradually increased with the increase of their soil con-
centrations. However, BCF of K. candel seedlings de-
creased gradually with the increasing concentrations
of PAHs. This is because the increasing amplitude
of PAHs concentrations of K. candel seedlings is less
than that of soil PAHs concentrations. And in heavily
spiked soils, K. candel growth was seriously inhibited
so that the efficiency of root translocation decreased.
4.2 BCF of PAHs by mangrove plants
Oleszczuk and Baran (2005) investigates the up-
take of 16 PAHs by willow (Salix viminalis) from soil
amended with contaminated sewage sludge, and shows
that the BCF values have statistically positive corre-
lations with the solubility of PAHs in water, and ap-
pear to have negative correlations with log Koc and
log Kow. The studies by other authors (Tolls and
McLachlan, 1994; Kipopoulou et al., 1999) found sim-
ilar relationships. In this study, higher values of BCF
were more often noted in the PHE treated pots than
in the FLA treated pots (Fig. 2). PHE and FLA have










respectively), and the solubility of PHE (1.00 mg/L) is
greater than that of FLA (0.26 mg/L) (Wang, 2004).
It is generally assumed that the uptake of PAHs by
plants depends on the solubility of these compounds
in water. The result suggests that direct contact with
polluted soil is the primary route for PAH transport
into the roots of K. candel growing in the natural en-
vironment.
5 Conclusions
PHE and FLA concentrations in the K. candel
root after 13 weeks treatment ranged from 0.28–4.36
µg·g−1 and 0.79–35.76 µg·g−1, respectively. The root
accumulations of PHE and FLA were enhanced with
the increase of their concentrations in the soil. On pro-
longing the exposure time, PHE and FLA concentra-
tions of different plant tissues increased significantly in
comparison with the control. This study consistently
indicated that root accumulation of FLA was greater
than that of PHE, as shown by both root PAH con-
centrations and RCF. Higher values of BCF were more
often noted in the PHE treated pots than in the FLA
treated pots. It is suggested that direct contact with
polluted soil could be the primary route for PAH trans-
porting into the roots of K. candel, and underlined the
ability of mangrove plants to remove PAHs from con-
taminated marine substrates and hence their potential
use in bioremediation and the removal of PAHs from
the marine food chain.
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